One main goal in the aerodynamic development of passenger vehicles is reduced fuel consumption. As vehicles are bluff bodies, drag is dominated by pressure drag, which is mainly caused by detached flow. To enable further reductions of the drag, it is of great importance to understand the physical phenomena behind separation.
In this paper the influence of surface pressure gradients on the flow pattern of a full-scale passenger vehicle is investigated. The objective is threefold: i) Present the flow pattern on upper parts of the vehicle, ii) discuss the pressure gradients around selected areas and iii) link separation with the pressure field. 
INTRODUCTION
The major part of the total drag coefficient of road vehicles can be derived to interactions in the pressure field. Thick three-dimensional boundary layers and separated areas constitute key issues of this complex interplay and in the innermost part of the flow field highly "skewed" velocity profiles must be understood to control the separation phenomena.
Pressure gradients created by the bulk flow over geometry influence directly the velocity distribution in the boundary layer. Especially for complex geometries it results in large variations in the innermost part of the boundary layer, a change of the velocity field and separation phenomena.
Missing criteria for 3D separation complicates the situation further and a method which allows the description of the flow field is required. The topological theory provides a method to describe continuous vector fields, such as the velocity field. By means of singular points, characteristic features of the vector field can be identified and studied ( [1, 2, 3, 4, 5, 6] ). In vehicle aerodynamic investigations, this method has been used to map the flow pattern on the rear end and to reconstruct the three dimensional wake structures ( [7, 8, 9, 10] ).
This paper starts with a short introduction to topological theory and explains the usage of this concept and its application to flow fields on vehicles. The main objectives of the work are to show the flow pattern on the surface of upper parts of a full-scale passenger vehicle and its relation to the pressure distribution.
The work contains experimental and numerical investigations to improve the knowledge of the flow field development. The main points of interest in both methods are the limiting streamlines and the pattern they draw.
TOPOLOGICAL THEORY
The concept of topology allows describing continuous vector fields by their singular points. A continuous vector field requires that at any regular point only one field line passes that point. The detailed theory is explained in numerous publications for instance in [1, 2, 3, 4, 5, 6] .
A flow field is such a continuous vector field, where the velocities are the vectors and the streamlines are the field lines. The so-called limiting streamlines can be used to describe the flow pattern infinitely close to a surface. These lines can be found by a limiting process where the velocity close to the surface is projected onto the surface. The streamline pattern exhibits singular points on the surface, and all limiting streamlines have to start and end in such singular points.
Types of singular points
Three different types of singular points can be defined, as already done in the work of Lighthill [4] and shown in Figure 1 : saddle points, foci and nodes.
Figure 1 Types of singular points
They are called points of separation if the streamlines leave the surface in these points and points of attachment if the streamlines move towards the surface.
Sets of limiting streamlines obey certain topological rules. These rules were summarized by [6] and define how many saddle points (S) and how many nodal points (N) have to occur in the investigated flow pattern. They are given for three main cases:
i. an isolated body
ii. a three dimensional body connected to a wall
iii. for a cross plane cutting through a three dimensional body.
The here introduced half nodes (N') and half saddles (S') occur in the 2D plane where the cross plane cuts through a singular point on the body.
To the knowledge of the authors, complete sets of streamlines satisfying these rules have previously only been presented for simple geometries (ellipsoid, body of revolution …). In this work it will be shown that such sets can be obtained on parts of a passenger vehicle with the topological requirements on the singular points satisfied. From the analysis it will become clear how the singular points require each other to form a closed flow pattern. The fact that these rules can be applied shows that the formation of the flow pattern is not a random phenomenon. The flow and therewith separation is driven by forces which generate a streamline pattern that obey these rules. Therewith topology is a necessary and useful tool to describe complex flow patterns.
Types of separation
In the work of Chapman & Yates [1] three general types of separation were introduced.
i. Type I separation -"bubble separation" Figure 2a shows the flow pattern of a type I separation on the surface of a body of revolution together with the topology of two cross planes. This type of separation originates at a singular point on the surface (saddle point S S ). From this point a separation line is formed (--) which divides the body surface into two separate regions. That means fluid particles coming from the node point of attachment N a cannot enter the region behind S S . At the separation line the fluid rolls up to form a vortex, whereby the vortex center is the focus N in the fluid . The node of attachment N a is necessary to allow the fluid entering the separated region. To close the flow pattern a node of separation N s occurs in the end of the body. This point is not shown in Figure 2a .
ii. Type 2 separation; horn separation
The second type of separation, illustrated in Figure 2b , is sometimes also called horn separation. Originating at a saddle point S S , there is no singular point in the plane of symmetry, as shown for type I, and the body is not divided into two separate regions (fluid can enter all regions on the surface). This type of separation leads to vortices which originate at the focus N s . As in the example before, another node is required at the end to satisfy the rules.
iii. Crossflow separation
The so-called crossflow separation is characterized by convergent streamlines, which leave the surface on a vortex sheet and ultimately roll up into a distinct vortex. This type does not originate at a singular point, but there is a node of separation at the end also for this case. 
METHODOLOGY
To investigate the limiting streamlines, experimental and numerical investigations were done. The experiments were made on a full scale Volvo S60 passenger vehicle in the aerodynamic wind tunnel of Volvo Cars Corporation [11] . To visualize the surface flow pattern at first a qualitative investigation of the flow was made by using tufts then paint was used on the rear end of the car to shoe the limiting streamlines. To investigate the pressure distribution, time averaged surface pressure measurements over 30 s were taken at interesting regions. Pressure holes were drilled into the surface to have no influence of sensors or tubing. Therefore, the rear screen was replaced by a plastic window. On the centerline of the upper body, 62 pressure probes were distributed. The region behind the antenna was prepared with 32 pressure holes. A focus was also set on the rear window of the car. Therefore it was prepared with 124 measurement points. Three 64 channels pressure blocks were available to record pressure data simultaneously. The measurements were taken until 150 mm behind the antenna; in the transverse direction an area of 90 mm (left of the centerline) was covered. At the rear window measurements were taken at the right hand side, beginning at the centerline. For the visualization the measured distributions are mirrored to cover the whole rear window and the region behind the antenna.
For the numerical investigations the same fully detailed vehicle model was simulated. The investigations are based on the RANS simulations carried out by Vdovin et al. [12] in StarCCM+ v8.04. The analysis of the simulations was done in the commercial software Ensight V10.0.3.
For the study of the flow pattern, limiting streamlines were calculated, using the function provided in Ensight. The velocity values at a wall distance of 1mm are projected onto the surface to display the limiting streamlines. In both, CFD and experiment, the investigations were done at a velocity of 100 km/h.
In Figure 3 the measured and calculated pressure distributions are shown for the investigated regions. Figure 3a and b compare the pressure distribution on the rear window while Figure  3c and d show the region behind the antenna. The comparison between the experimental and numerical investigation shows that the results qualitatively match well. Looking at the color range for the window pressure, one can see that the maximum value of the experimental data is slightly lower comparing to the CFD plot. The centerline high pressure spot seems to be weaker in the experiment comparing to CFD. But nevertheless both investigations capture higher pressure spots at the lower edge of the window. The side spot is represented similarly in both cases, as well the overall pressure distribution. The spot appearing in the experimental contour plot for the antenna cannot be observed in the CFD plot. An edge at the pressure hole could be a reason for the high pressure which is only measured in this single point. The low pressure "legs" can be captured in both investigations and their relevance will be discussed later. The high pressure spot in the centerline is wider in the experiment. A further measurement point between the centerline and the first point in the transverse direction would deliver a more detailed insight into the pressure development. 
RESULTS
In the present work limiting streamlines at the antenna and the region behind it, as well as a part of the rear window, are investigated in detail, while for the rest of the upper body only an overview of its flow pattern is given. These observations are based on numerical solutions. As an example, the application of one topological rule is shown for the antenna, as it can be seen as a three dimensional body connected to a wall. In the last section of this chapter the influence of acting pressure gradients is discussed, by looking closer to the surface pressure distribution and the formed limiting streamlines. Figure 4 shows the investigated model and an overview of its limiting streamlines on the upper body of the vehicle.
Flow topology
In Figure 4a , region 1 shows how the streamlines after the wheelhouse merge and form a crossflow separation. Merging streamlines and the resulting crossflow separation can be also found at (3), (4), (5), and (6). Interesting at (2) is the development of the streamlines from the hood around the edge towards the side. (15)), where the streamlines merge and form a further crossflow separation. Interesting are also the flows behind the door handles, numbered with (7) and (8) . The pattern leads to the assumption that a similar phenomenon as behind the antenna (Figure 4c (13) ) occurs. The two posts in (9) and (10) lead to a further small separation as is indicated by the streamlines moving upwards close to post then rapidly bending in direction to the mean flow. The flow around the mirror resembles that around the antenna, as it is an external obstacle in the flow. The focus at (11) is a further interesting detail which has to be studied in the future.
Looking at Figure 4b , a "stagnation point" (12) and its occurrence as a node of attachment on the front screen can be seen very clearly. From the node there is also an attachment line, stretching almost over the whole window width. This is a result of the flow from the hood hitting the screen at this level.
The rear view (Figure 4c ) shows a much more complex flow pattern including foci and saddle points (14), which will be discussed below. Further the crossflow separation at the C pillar (15) and behind the antenna (13) can be identified due to strong merging of streamlines. In (16) even diverging streamlines can be identified, whereby a part of them form into the crossflow separation at the C pillar in (15). Figure 5a shows the flow pattern around the antenna. Obvious are the two foci at the rear end of the shark fin geometry. But also merging streamlines downstream the two corners can be identified. Looking closer to this flow pattern, several singular points can be found as shown in Figure 5b and Figure 5c .
Flow pattern around the antenna
According to the topological rules this configuration represents a 3D body connected to a plane wall. Therefore it must be possible to find the same number of node points and saddle points according to equation (2) . At the nose of the antenna N 7 ). Around the side edges (on each side) two further foci and three saddle points can be found. In total there occur eight node points and saddle points in the flow pattern and the rule according to equation (2) is obeyed.
Flow pattern at the rear window
The flow pattern at the rear window was already shown in Figure 4 . The structures are influenced by different parameters, like the slant angle of the window or the vortices from the pillars and the antenna.
Distinct are the crossflow separations produced by the antenna and at the pillars, which could be seen in already in Figure 4c . The limiting streamlines converge on the surface and the fluid rolls up to form a vortex leaving the surface. This pattern could be also captured very well in the experimental investigations. Flow visualizations with paint illustrate the limiting streamlines at the rear window and can be seen in Figure 6 .
First of all, the merging streamlines behind the antenna (left and right of (1)) and at the pillars (2), which result in a crossflow separation. At the lower edge two separation bubbles left and right of the centerline can be observed in (3) . A detailed pattern is not achievable, but looking back at Figure 4c complex foci structures are expected. Further streamlines coming over the window can be observed in (4). These are then divided by a saddle point at the lower edge and disperse to the left and right.
A more detailed pattern is given by the numerical investigation. Especially the developed foci structures right and left of the centerline can be illustrated closely.
Figure 6 Limiting streamlines using paint visualization
A look onto these singular points can be taken in Figure 7a , where the symmetry plane is at the left edge of the figure. At the lower end of the rear window the saddle point S 4 occurs at the centerline. This is associated with a flow to the right along a line of merging streamlines with cross flow separation. The flow merging from below must come from a separation bubble between the window and the trunk edge. On the right hand side of the
S 6L S 6R
figure, the flow is in the opposite direction, but still with merging streamlines creating a vortex sheet. Where the two horizontal flows meet several foci and saddle points are created. The formation of the node N 2 seems to be a result of the diverging streamlines (4) seen in Figure 4c . Looking at this pattern it becomes clear that the foci-saddle point interaction is necessary in a continuous vector field.
In Figure 7b the streamlines on the rear window are shown together with the numerically calculated pressure distribution, to give an impression where the structures occur. In this view two further saddle points can be identified outside of the area of Figure 7a , occurring in the centers of the left and right high pressure spot (S 6L and S 6R ). These could be observed already in the experiments by following the streamlines (4) in Figure 6 .
It has to be noted that topological rules cannot be applied here as the window region is only a part of a 3D body and cannot be isolated as it was done for the antenna.
Pressure distribution and gradients and their influence on limiting streamlines
It was mentioned already that the bulk flow over the vehicle determines the pressure distribution over the surface. At the edge of the boundary layer, a certain pressure and pressure gradient is acting. In the first order boundary layer approximation both the pressure and the pressure gradients along the surface are constant through the boundary layer. Therefore the distribution of the pressure gradients on the surface can be determined, by calculating the pressure gradient at the edge of the boundary layer.
Close to the surface the momentum of the flow is very low, so that the velocity vector and therefore the limiting streamlines are very sensitive to pressure gradients. The limiting streamlines change their development according to the radial pressure equation (Figure 8a) .
A gradient in the transverse direction (ζ) relative to the streamline bends the limiting streamline towards the region with lower pressure. Streamlines tend to be sucked into low pressure regions; therefore convergence of the streamlines can be expected at pressure minima, i.e. where the transverse pressure gradient is zero. Conversely, streamlines are pushed away from higher pressures. In such regions divergent streamlines may be expected. Figure 8b and c show the measured pressure distribution behind the antenna and the flow visualization with tufts and paint. The measured area is mirrored whereby the black dots mark the positions of the pressure holes. The merging streamlines could be captured very well in the experiment. Showing it together with the pressure distribution, one can see that the separation line corresponds very well with the measured pressure minima, which pulls the streamlines into this low pressure region.
Figures 8 d and e show CFD streamlines traced at 50 mm and 1 mm from the surface, respectively. It is seen that the pressure gradients in the transverse direction have a much larger effect close to the surface than further out. The streamlines of Figure 8e are very similar to the limiting streamlines from the experiments in Figure 8 c, but the convergence line is shifted somewhat away from the pressure minimum. Tracing closer to the surface is required to exactly match the measured limiting streamlines. However, the qualitative picture is correct and the 1 mm wall distance has been used for all computed limiting streamlines of this paper. Looking onto the pressure distribution at the rear window ( Figure 7 ) it is now clear that the saddle points S 6L , S 4 and S 6R in the high pressure spots push the streamlines away, back to the lower pressure regions. The region in between these spots is characterized by streamlines which are showing into different directions. The node N 2 is formed by the streamlines coming from the right, top and lower edge. At first the streamlines merge together, but to be able to collect streamlines coming from the lower edge, the formation of a focus is necessary. With further flow coming from the top, the lower edge and the centerline spot another focus (N 3 ) is required to keep a continuous field. Its counter clockwise swirling, bends the streamlines coming from the top towards the centerline. These hit the streamlines pushed away from the high pressure spot in the centerline and end in the focus N 4 . N 1 balances out the streamlines coming from the top, colliding with the streamlines bent by N 3 and N 4 .
In future work a more detailed pressure distribution shall be presented to prove the formation of complex streamline pattern and the formation of flow separation.
CONCLUSION
In this paper the theory of vector fields is used to classify different types of separation in three dimensions on a vehicle. Separation points may be identified through singular points in the pattern of limiting streamlines on the surface. Certain topological rules are presented for the singular points.
An overview has been given of the limiting streamline pattern on the upper body of a car. Main features have been identified. Detailed pictures of the streamline pattern have been shown for the antenna and the rear window. Singular points were classified and it was shown that topological rules were obeyed. Relations between the streamline distribution, the pressure and the pressure gradient in the cross-wise direction were identified and discussed.
